This work presents a systematic test of the performance of a spin-orbit operator founded upon the Wood-Boring-based ab initio model potential method ͓J. Chem. Phys. 102, 8078 ͑1995͔͒. Assuming a separability of the problem into a spin-free correlation treatment and a spin-orbit calculation part, this aim can be reached. We shall show in this publication both the separability and the high level of quality of the spin-orbit operator applying our method to the even spectrum of Ir ϩ . We shall treat the spin-orbit part by means of the above mentioned spin-orbit operator and cope with the spin-free correlation problem through introducing a spin-free-state-shifting operator, shifting the spin-free energies to empirical values obtained from experiment. The quality of the spin-orbit operator is very high, actually better than estimated in previous calculations which were contaminated by an insufficient treatment of correlation. The procedure established is most efficient: Spin-free-stateshifted spin-orbit CI calculations employing a space of the significant reference configurations plus single excitations lead to very reliable spin-orbit splittings provided that the spin-free states are calculated at a high level of quality.
I. INTRODUCTION
The relevance of relativistic effects to the chemistry of heavy elements on the one hand and the general importance of electron correlation effects on the other hand, has driven and still drives the search for suitable ab initio computational methods in this concern.
1 Today, a number of methods exist that do include spin-orbit coupling effects in correlated molecular calculations, ranging from sophisticated all-electron four-component configuration-interaction methods based on the Dirac-Hartree-Fock ͑DHFϩCI͒ formalism 2 to more pragmatic effective-core-potential ͑ECP͒ spin-orbit configuration-interaction ͑spin-orbit CI͒ methods. [3] [4] [5] The latter group comprises the so-called Wood-Boring-based ab initio model potential method ͑WB-AIMP͒, 6 an elaboration of ideas of Katsuki and Huzinaga. 7, 8 A spin-dependent Hamiltonian with effective one-electron atomic spin-orbit operators based on the Dirac equation for the large components, 9 as proposed by Wood and Boring, 10 is employed. These operators implicitly include two-electron contributions since they are derived from the one-electron atomic mean-field potentials. A detailed knowledge of these contributions and of their size, though, does not exist; their potentiality has been discussed [10] [11] [12] [13] and their superiority over the explicit inclusion of two-electron contributions by means of the procedure of Blume and Watson 14, 15 has been pointed out. 16 In practical calculations, these atomic one-electron spin-orbit operators have been modified to the form proposed by Pitzer and Winter, 4 and they have been produced for the elements of the periodic table up to Ba, 17 the third-row transiton metal elements, 18, 19 and Tl-Rn. 6 Their quality was monitored in spin-orbit CI calculations and found to be reasonable; 6, 18 one of us has proposed the use of an empirical scaling parameter as a means to correct ͑mainly͒ an insufficient treatment of the two-electron contributions. Obtained values of such a parameter appear to come out systematically close to unity. 6, 18 However, since both the amounts of correlation effects and spin-orbit couplings significantly influence the observed spin-orbit splittings, the previously mentioned monitoring calculations may be in part biased by an insufficient treatment of electron correlation and, in consequence, the empirical scaling factor might correct this insufficiency rather than the two-electron spin-orbit contributions. A realistic check for the quality of any spin-orbit operator, in particular of Wood and Boring's, can only be achieved with calculations that do not show any deficiency in the treatment of the spin-free effects.
In previous work, in an attempt to decouple correlation and spin-orbit effects, spin-orbit calculations were performed on the basis of perturbation theory using spin-free energies from higher level electron correlation treatments. 3, 20, 21 In the line of this work a simple two-step method ͑spin-free-stateshifting technique, sfss͒ was proposed 22 which is specially indicated for spin-orbit CI calculations in a basis of determinants or of double-group symmetry adapted functions: 4 The first step uses a spin-free Hamiltonian with a calculation that treats correlation effects to a high level of quality, e.g., a large CI. In the second step, the spin-orbit Hamiltonian is used in a spin-orbit CI calculation of smaller size being sufficient for the spin-orbit couplings but generally insufficient for the correlation effects and, accordingly, for the spin-free energies. The latter Hamiltonian is extended by adding an operator which shifts the spin-free states to the energies that had resulted from the high quality calculation of the first step. In this way electron correlation and spin-orbit effects are decoupled to a large extent, and two useful consequences show up: On the one hand, in the treatment of electron correlation only less severe limitations of spin-free calculations apply, on the other hand the evaluation of spin-orbit interaction in the second step is not as restrictive as a ͑quasi-degenerate͒ perturbation treatment in just a few spin-free CI wave functions. This method is suitable for an alternative use: One can substitute the first step by a gathering of empirical spin-free energy data, if possible, and subsequently shift the spin-free states in the second step to their empirical values. According to the idea behind the spin-free-stateshifting technique, this would then correspond to a full representation of the correlation effects. In consequence, the use of the sfss technique with empirical shifts in spin-orbit CI calculations is appropriate for proper monitoring of a spinorbit operator, with a minimal danger of having the results contaminated by an insufficient treatment of correlation.
In this paper, we use an empirically spin-free-stateshifted Hamiltonian in the calculation of the even spectrum of Ir ϩ in order to precisely check for the quality of the WB-AIMP spin-orbit operator in applications to third row transition metals. Further the performance of the sfss technique is tested, and its conditions of use are explored. This work is a first step of theoretical studies on Ir ϩ -mediated activation reactions; a detailed knowledge of the ability of the method to accurately describe the atomic spectrum of Ir ϩ is relevant for estimating the reliability of molecular results.
II. METHOD AND COMPUTATIONAL DETAILS

A. The WB-AIMP Hamiltonian
The Dirac equation for the large radial components of one electron in a central field 9 has been taken as the basis of approximate relativistic atomic and molecular computational methods by Cowan and Griffin 23 ͑spin-free͒ and Wood and Boring 10 ͑spin-orbit͒ after neglecting the small component contributions and imposing boundary conditions at the nucleus. Katsuki and Huzinaga 7, 8 proposed to transfer Wood-Boring's approach to core model potential calculations. A practical implementation of these ideas resulted in the WB-AIMP method which is described in Ref. 6 . Here, we briefly summarize these works.
The WB-AIMP Hamiltonian for a molecule reads
͑1͒
Here H CG-AIMP ͑fully described in Ref. 6͒ is the spin-free many-electron Hamiltonian of the Cowan-Griffin based relativistic ab initio core model potential approach; this is a relativistic version of the AIMP method, 24 in which the core potentials are obtained directly from the core orbitals without resorting to parametrization procedures, thus eliminating the basis set dependences present in older versions. The second term is the spin-orbit operator, which is a sum of oneelectron (i) atomic (I) effective spin-orbit operators of the form proposed by Pitzer and Winter. 4 Herein, ␣ is the fine-structure constant, ⑀ nl are the orbital energies of the spin-free relativistic equations of Cowan and Griffin, and V(r) is an X␣ approximation to the HartreeFock one-electron potential. 23 This effective one-electron spin-orbit operator includes an average of two-electron contributions through the use of the X␣ Hartree-Fock potential V(r), although its detailed relationship to a mean-field spinorbit operator is unknown. In an attempt to correct for possible two-electron contribution deficiencies, I has previously been used as an empirical parameter, 6 but we assigned unity to it within this paper.
The spin-dependent H WB-AIMP Hamiltonian is used in spin-orbit CI calculations in a basis of double-group symmetry-adapted functions, with HF or CASSCF orbitals produced with the spin-free H CG-AIMP Hamiltonian.
B. The spin-free-state-shifted Hamiltonian
The spin-free-state-shifted technique ͑sfss͒ was introduced in Ref. 22 as a means of simplifying spin-orbit CI calculations by decoupling correlation and spin-orbit effects, in the line of previous works. 3, 20, 21, 25 The idea behind this is the following: The size of the spin-orbit splittings is governed by the size of the spin-orbit couplings between the spin-free states ⌽(iSM S ⌫␥) of a given system and their energy differences. Herein, i denotes an ordinal number, S, M S the spin quantum numbers, and ⌫, ␥ the spatial point group irreducible representation and subspecies, respec-tively. However, spin-orbit coupling and excitation energies demand different degrees of quality in the description of the wavefunctions. In particular, a relatively small CI space P is often good enough for the calculation of the spin-orbit interaction, since the spin-orbit coupling operator can, to a good approximation, be represented by effective one-electron terms, 26 and therefore singly excited configurations make the major contributions to the spin-orbit matrix elements. A good description of the spin-free electronic spectrum requires, on the other hand, an accurate description of electron correlation effects and also a much larger CI space, say G . Let us call ⌽ G (iSM S ⌫␥) the spin-free CI wave functions meeting the latter requirements and E G (iS⌫) their corresponding eigenvalues while ⌽ P (iSM S ⌫␥) and E P (iS⌫) denote the eigenvectors and eigenvalues, respectively, of the small CI space P . Under these circumstances, it is reasonable to use the smaller CI space P to calculate the spin-orbit couplings and the larger CI space G to calculate the spin-free energy differences. In spin-orbit CI calculations, this can be achieved in a simple way by using the smaller CI space P and a spin-free-state-shifted spin-orbit Hamiltonian, H s f ss SO , which is related to a normal spin-orbit Hamiltonian, H SO ͓i.e., H WB-AIMP in Eq. ͑1͔͒, by
with the shifting constants ␦(iS⌫) defined by
Herein, E G (G.S.) and E P (G.S.) are the spin-free CI energies of a common given state ͑usually the ground state͒ corresponding to the G and P CI spaces, respectively. The construction of the shifting operator ͓Eq. ͑4͔͒ requires the knowledge of E G (iS⌫) and E G (G.S.) which may be obtained by spin-free methods taking full advantage of the spin symmetry and therefore capable of handling much larger CI spaces G than feasible in a spin-orbit CI. Usually due to technical hindrances G is still of limited size thus neglecting a part of the correlation effects. Alternatively, the spectrum of E G (iS⌫) may be taken from experimental data provided that spin-orbit effects are properly removed-which is possible for atomic systems. Experimental spin-free reference energies obtained by a simple statistical J-averaging procedure are often unreliable. In other words, in general one cannot rely on Landé's interval rule. Experimentalists identify the symmetries of terms by means of a general least-squares ͑GLS͒ fitting of an experimental spectrum. Such data for singly ionized iridium can be found in a publication by Kleef and Metsch. 27 GLS fittings to the spectrum of singly ionized iridium were carried out by Kleef and Metsch themselves 27 and by Wyart et al. 28 The parameters used in such a model Hamiltonian are divided into parts strictly representing either pure spin-free or pure spin-dependent interactions. Most reliable spin-free reference energy differences can therefore be obtained by using all the optimized spin-free parameters while setting all the spin-dependent ones to zero. The empirical spin-free reference values used in this work have been obtained by Uylings 29 imposing the above-mentioned procedure.
In practice, the sum in Eq. ͑4͒ must be limited, with the number of spin-free states depending on the particular problem; it seems reasonable to include all the states of interest and the ones above them within a chosen energy threshold. Since the calculated spin-orbit CI functions in the P space can be expressed as a sum of the spin-free functions ⌽ P (iSM S ⌫␥) and a residue, the norm of the residue can be employed as a criterion whether an appropriate number of spin-free states has been chosen or not.
C. Details of the calculations
We used relativistic core model potentials and valence basis sets from Ref. 19 . The WB-AIMP's correspond to the ͓Cd,4f ͔ frozen core of Ir͑5d 7 6s 2 -4 F͒. A Gaussian valence basis set (13s9 p8d) of general contraction was optimized in a spin-free CG-AIMP SCF calculation of Ir͑5d 7 6s 2 -4 F͒ and was thereafter spin-orbit corrected according to the procedure described in detail in Ref. 6 . This basis set was valencesplit and further augmented by one p polarization function ͑exponent 0.081͒, 30 one additional d primitive ͑exponent 0.0617͒ obtained by extrapolation from the outermost exponents, and two contracted f functions. The five primitive f functions and their contraction coefficients were determined by maximizing the overlap of a single contraction with the numerical 4 f core orbital. Finally the most diffuse f primitive was decontracted resulting in a total of 3s, 3p, 4d, and 2 f contracted functions with contraction pattern ͑11,1,1/ 8,1,1/6,1,1,1/4,1͒.
We performed all spin-free calculations with the MOLCAS-3 package. 31 For several atomic states of the (5d,6s) 8 manifold orbitals were optimized with the CG-AIMP spin-free CASSCF method. [32] [33] [34] By using C i symmetry and averaging over all the degenerate components of every term, atomic orbitals of true spherical symmetry were obtained. With these, we performed Averaged Coupled-Pair Functional ͑ACPF͒ 35, 36 calculations, an approximatively size-consistent multireference CI͑SD͒ procedure.
WB-AIMP spin-orbit CI calculations have been carried out in a basis of double-group symmetry-adapted functions with a modified version of the COLUMBUS suite of programs. 37 We used D 2h double-group symmetry but obtained degeneracies with energy separations below 10 Ϫ6 hartrees for the components of a given J quantum number. This greatly simplifies the assignment of angular momentum quantum numbers; in fact, diagonalizing only the A g and B 1g symmetry blocks is sufficient to identify all the gerade J states. In the integral transformation step the highest s, p, d, and f shells which exhibit core character are removed from the virtual space. Using this one-particle basis we carried out spin-orbit CI calculations in three different spaces of doublegroup symmetry adapted functions: the reference space (5d,6s) 8 ͑ref-CI͒, the reference space plus single excitations ͑CI͑S͒͒, and the reference space plus single and double ex-citations ͑CI͑SD͒͒. The CI expansion lengths are shown in Table I . Table II displays the results of the spin-free even spectrum of Ir ϩ , in particular the terms associated with the configurations 5d 8 , 5d 7 6s 1 , and 5d 6 6s 2 . In the last column we have included what we call the empirical spin-free data. The columns labeled ACPF correspond to eight correlated electrons. In the correlation treatment three different sets of oneparticle bases were employed: In the first case, orbitals were optimized for each term, in the second 5d 8 -3 F orbitals were used for all terms, and finally in the third case 5d 7 6s 1 -5 F orbitals were employed throughout. Only a small dependency on the choice of orbitals is observed; single excitations are obviously sufficient to account for orbital relaxation effects at the spin-free level. We will therefore use atomic orbitals optimized for 5d 7 6s 1 -5 F in the remaining calculations of this paper. The deviations from the empirical energies are of the order to be expected for the kind of basis set and correlation treatment employed. The results of the CI calculations either with a reference-CI space of (5d,6s) 8 only, ref-CI, with the addition of single excitations, CI͑S͒, or with single and double excitations, CI͑SD͒, are given in this table as well; they constitute the set of E P (iS⌫) necessary for defining the energy shifts according to Eq. ͑5͒. Obviously, already the single excitations enhance the quality of the results which is furthermore improved by double excitations. The CI͑SD͒ calculation leads to a spin-free spectrum quite close to the corresponding ACPF calculation; this might be expected because only eight electrons are correlated and size-consistency effects are concomitantly small. The results of the spin-orbit CI calculations are given in Table III and Fig. 1 accompanied by the experimental measurements. 27 The plain spin-orbit CI͑SD͒ results-which do not include any shifting-reveal a reasonable agreement with experiment, approximately of the quality reached by four-component DHFϩCI methods in similar systems if only the valence electrons are correlated. 2 Similar observations were made previously in other cases. 6, 18 The spin-orbit CI calculations with spin-free states shifted to the ACPF excitation energies ͑fifth column in Table II͒ , while including all terms of Eq. ͑4͒ up to 5 D, are presented in the columns labeled ACPF-sfss. The ACPF-sfss CI͑SD͒ results are comparable to the ones from plain CI͑SD͒ calculations. However, if the sfss technique is used, single excitations seem to be sufficient to achieve the same degree of improvement ͓ACPF-sfss CI͑S͒ results͔. This means that the correlation effects have already been dealt with at the spin-free ACPF level and the subsequent spin-orbit CI͑S͒ calculation takes care of only the spin-orbit interactions, including partially spin-orbit polarization effects; if spin-orbit polarization is missing ͑ACPF-sfss ref-CI͒ the results are poorer, although not too much. The CI͑SD͒ spin-orbit splittings are systematically overestimated when compared with experiment. Since they depend not only on the size of the spin-orbit couplings but also on the relative energies of the spin-free terms-and these are far from being realistic ͑Table II͒ mainly due to an insufficient treatment of the electron correlation effects-it is not clear at this point how much of Spin-free-state-shifted Hamiltonian with shifting parameters obtained from spin-free empirical data ͑last column in Table II͒ the overestimation is due to this and how much is due to deficiencies in the spin-orbit method in use.
III. RESULTS AND DISCUSSION
In this respect, we can isolate the contributions of the spin-orbit operator by performing spin-orbit CI calculations with spin-free states shifted to the empirical spin-free results ͑last column in Table II͒ . The values corresponding to an inclusion of the terms up to 5 D in Eq. ͑4͒ are presented in Table III as well as in Fig. 1 over the plain CI͑SD͒ calculation ͑A in Fig. 1͒ and yields good spin-orbit splittings, thus pointing out the high quality of the spin-orbit operator in use. A partial addition of spinorbit polarization effects through single excitations ͓empirical-sfss CI͑S͒, C in Fig. 1͔ refines the results, correcting some of the relative positions of the states, and finally leading to a very good spectrum. Addition of double excitations ͓empirical-sfss CI͑SD͒, E in Fig. 1͔ does not significantly improve the results, in spite of its much larger cost: This is a consequence of the correlation effects on the spinorbit splittings having already been taken into account by the shifting operators, i.e., their influence on the relative energies of the spin-free states. A further manifestation of the correct performance of the shifting operators is the fact that the energies of the spin-orbit states show a lower quality as to the upper states, which is clear from Fig. 1 , in accordance with the fact that the shifting terms have been truncated after 5 D at 2.5 eV. An addition of new terms should improve the results. We have included several, up to b 3 H ͑see Table II͒ , and we display the results in parentheses in Table III . This additionally enhances the energies below 2 eV ͑especially improving the Jϭ0 state͒ and significantly improves the results above 2 eV, showing the systematic character of this approach. In order to check the convergence of the energies with the number of terms included in the shifting operator and the completeness of the subspace defined by the spinfree CI wave functions we have analyzed the empirical-sfss CI͑S͒ wave functions in terms of contributions from the spinfree CI wave functions and the residues. The result of this analysis is presented in Table IV . It is observed that large residues, i.e., large contributions from the space not spanned by the spin-free CI wave functions used in the shifting operator may be taken as an indication for the need of additional terms in the shifting operator. 
IV. CONCLUSIONS
We have demonstrated that the one-electron WoodBoring spin-orbit operator used here is high of quality, even better than previously estimated from spin-orbit CI calculations which have been contaminated by an incomplete treatment of correlation. 6, 18 The use of an empirical scaling parameter thus appears to be superfluous to correct the spinorbit operator. Furthermore electron correlation effects as well as spin-orbit effects can be decoupled to a large extent by means of the spin-free-state-shifting technique. Spin-orbit CI calculations with a reference of the relevant configurations ͓(5d,6s) 8 in this case͔ plus single excitations produce very good spin-orbit splittings between the chemically relevant states of Ir ϩ , provided that the spin-free effects, especially the correlation effects, are accurately taken into account. This implies that a convenient strategy for ab initio spin-orbit molecular calculations involving Ir ϩ is to pay special attention to the treatment of the correlation effects at the spin-free level, and to subsequently use a sfss technique in a multireference spin-orbit CI͑S͒ calculation. In our opinion, these conclusions can be safely extended to the complete third series of transition metal elements. This strategy might be applied to many atoms and molecules; in such future cases the most demanding part of an ab initio calculation with spin-orbit effects would be the treatment of the correlation effects but these could be handled at a spin-free level. Limitations of the procedure might occur for cases for which a very large spin-orbit polarization exists. In these cases, a spin-free-state-shifted spin-orbit CASSCF procedure might be indicated.
